Quasistatic and dynamic measurements of the magnetic field induced magnetoelectric polarization ( MEH effect) have been performed in the weakly ferromagnetic/ferroelectric/ ferroelastic phase of point group m'm2' of Ni-CI boracite between 1.8 and 9 K ( = Tc) and above. For the first time the quadratic MEH effect of Ni-CI boracite has been measured and separated from the linear one. The results allow us to discard the existence of a previously assumed antiferromagnetic phase mm2 between 9 and 25 K . Above 9 K, the phase is paramagnetic (mm21'). The coefficients of the linear (a 23 , a 32 ) and quadratic (/3 311 , /3 322 , {3 333 , and /3 223 ) MEH effect are given for 4.2 K. a 32 and {3 322 are also given vs temperature.
I. INTRODUCTION
The magnetoelectric effect was forseen by Landau and Lifshitz. 1 It consists in the development of an electric field induced magnetization (ME£ effect) or a magnetic field induced polarization (MEH effect), allowed for certain
symmetnes.
Boracites with the general formula Me 3 B 7 0 13 X, where Me stands for a bivalent metal ion such as Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd, and X for Cl, Br, and I, have a cubic paraelectric and diamagnetic or paramagnetic hightemperature phase with space group F43c. s. 6 Ni-CI boracite (abbreviated Ni-Cl) transforms at 610 K into a ferroelastic, ferroelectric, paramagnetic phase with space group Pca2 1 .
-
10 Correlation between the optical indicatrix (refractive indices: n 0 < nfJ < n y) and the crystallographic axes (b::::; <O <C) showed that nalla, npllc, and nrllb. 9 -11 Note that the spontaneous polarization (P,) is such that P,llnfJIIc. Magnetic measurements on polycrystalline Ni-Cl ( Ref. 12, 13) revealed an essentially antiferromagnetic characteristic, with weak ferromagnetism at low temperature. Torque measurements on a ferroelectric/ferroelastic single d omain of Ni-Cl yielded a spontaneous magnetization of 0.72 [emu/g), at 4.2 K, decreasing to zero at Tc = 9.7K.
•
In Ni-Cl the MEH effect was measured from 1.4 to 25 K. lS Two of the coefficients were found to be different from zero and from 1.4 to 9 K, viz .. a 32 and an. The latter one was decreasing to zero at 9 K upon heating, whereas the former one showed a pronounced peak at this temperature and then was falling abruptly to zero above 9 K . A small signal of opposite sign was detected from 11 to 25 K and had been attributed at that time to a linear effect of a supposed antiferromagnetic phase between 10 and 25 K, although the quadratic MEH effect could not be excluded with certainty as the origin of the signals. 15 Such an effect has been measured on similar orthorhombic boracites: Cu-CI, 16 Co-l, 17 and Co-Br. 18 Moreover, no difference in neutron powder diffraction spectra was found for Ni-Cl between 13 and 30 K . 19 The present work was intended to clarify these latter points by measuring and separating the contributions of the linear and quadratic MEH effect.
II. GENERAL ASPECTS
The relevant total polarization has the following form:
The successive terms refer to spontaneous polarization, linear, and quadratic MEH effect. ,.,--
IV. RESULTS AND DISCUSSION
In the following the new results concerning the a 32 coefficient will be shown, i.e., its measurement via the induced polarization P 3 , with the crystal (n y -na) · By increasing slowly (in 2. serves, maintaining the magnetic domains aligned (because M,ll2). Thus Fig. 4 represents a 32 , practically at zero magnetic field . One can notice some slight differences with respect to the same coefficient measured quasistatically with a higher final magnetic field . In the dynamic case a 32 is a flatter function of temperature from 4.2 to 8 K and the peak near 9 K is much more pronounced (Fig. 4) . Also the a 32 decreases more rapidly to zero just above the peak. Thus, with the quasistatic method, between 9 and 10 K, we create an induced linear effect. Concerning a 23 , the value and temperature dependence has been found to be the same ... as given earl ier,{3 233 , which by the way is not allowed by sy mmetry In conclusion, these experiments confirm poi nt group m 'm2' below T c = 9 K , as deduced earlier 15 and disca rd the existence of a phase of symmet ry mm2 between 9 and 25 K . Above 9 K the phase is paramagnetic (mm21 '). The ME coefficients at 4.2 K a re the following (not yet correlated to the absolute sign of P, ), with the estimated absolute error between parentheses: Note that the reproducibility is better t han ± 2% for a 23 and better than ± 5% for a 32 •
